Human papillomavirus (HPV) is the most common sexually transmitted viral infection in humans and the etiological agent of cervical and other anogenital cancers (for a review, see reference 5). Diagnosis of HPV infection has relied primarily on detection of the viral genome by PCR or hybrid capture, a non-amplification-based nucleic acid detection method. In longitudinal studies with infrequent sampling, HPV infection may be underestimated by DNA-based methods alone because infections are usually transient (13, 19, 21) .
Serial measurement of antibodies has not been used to provide evidence of active viral replication of human papillomavirus (HPV)
Human papillomavirus (HPV) is the most common sexually transmitted viral infection in humans and the etiological agent of cervical and other anogenital cancers (for a review, see reference 5). Diagnosis of HPV infection has relied primarily on detection of the viral genome by PCR or hybrid capture, a non-amplification-based nucleic acid detection method. In longitudinal studies with infrequent sampling, HPV infection may be underestimated by DNA-based methods alone because infections are usually transient (13, 19, 21) .
Detection of virus-specific serum antibodies is a well-established biomarker of viral infection. Over the past decade, serological assays for HPV based on virus-like particles (VLP) have been validated by numerous studies (for a review, see reference 11). HPV type 16 (HPV-16) VLP-based enzymelinked immunosorbent assays (ELISA) in general, including our own (31, 32, 36) , have a sensitivity of 50% or greater for current HPV-16 infections detected by PCR. The absence of detectable serum antibodies in all individuals with an infection documented by PCR is probably multifactorial, including misclassification of infection by PCR, delayed seroconversion, viral-mediated immune evasion, and antibody responses below the level of detection of available assays. The type specificity of VLP-based ELISA is strongly supported by experimental studies with sera of known specificity and human studies demonstrating stronger associations of seroreactivity with detection of homologous DNA than with DNA of other types. In human studies, the smaller but significant associations with some other HPV types may be explained by the fact that different genital HPV types are transmitted similarly and the fact that multiple infections are very common. The most consistent finding from epidemiological studies of the determinants of VLP seroreactivity is the strong correlation with lifetime number of sexual partners, thus documenting the validity of HPV antibody measurement as a marker of past HPV exposure.
Although serial measurements of HPV antibodies have been utilized to document the kinetics of the serum antibody response to infection (8) , paired samples have not been used to identify active viral replication. We used serial measurements of antibodies to HPV-16 to identify significant rises in antibody levels between two study visits for participants enrolled in a large prospective cohort study of human immunodeficiency virus (HIV)-positive and high-risk HIV-negative women. We then investigated factors associated with significant rises to assess the value of this marker as a measure of active viral replication.
MATERIALS AND METHODS
Study population. The Women's Interagency HIV Study (WIHS) is a multicenter prospective cohort study consisting of 2,059 HIV-positive and 569 HIVnegative women enrolled from 1994 to 1995. At baseline and at each 6-month follow-up visit, participants completed interviewer-administered questionnaires to assess sociodemographic characteristics, medical/health history, obstetric and gynecologic history and contraceptive use, tobacco, alcohol, and drug use, and sexual behaviors. In addition, women had a physical and gynecologic examination, which included a Papanicolaou smear and the collection of blood, urine, and cervicovaginal lavage samples. A more detailed description of the WIHS cohort characteristics, recruitment methods, and protocols has been published previously (4, 18) . Our analyses included participants who contributed one or more pairs of consecutive study visits with HPV-16 antibody results available. The unit of observation for analyses was a pair of consecutive study visits. Participants could contribute up to five pairs corresponding to consecutively attended visits at yearly intervals between WIHS visits 3 and 13.
Laboratory methods. All women at study baseline with HPV-16, -18, -31, -6, or -11 detected by HPV DNA and a random sample of women without prevalent DNA of the above types were tested for HPV-16 antibodies by HPV-16 VLP-based ELISA as previously described (35) . To reduce interassay variation, all samples from a woman were tested on the same microtiter plate. The technician performing the test was blinded to the identity of samples from the same woman. At yearly intervals beginning with the third study visit through WIHS visit 13, a total of 3,246 serum samples from these women were tested in duplicate (coefficient of variation of 11%). Analyses used optical density (OD) units to quantify antibody levels and used a previously determined cutoff of 0.05 OD units to define HPV-16 seropositivity (34) . For descriptive purposes, OD units were transformed to immunoglobulin G (IgG) levels by use of the following formula developed using standard serial twofold dilutions of IgG: y ϭ 1.1x ϩ 2.6 (where y equals the log 10 IgG protein concentration and x equals the log 10 mean OD). The relationship between OD value and IgG concentration was linear from 2 to 1,000 g/ml IgG protein.
Cervicovaginal cells were tested for the presence of HPV DNA by PCR with MY09/MY11 L1 consensus primers as described previously (25) . Plasma HIV RNA was measured using the isothermal nucleic acid sequence-based amplification (Nuclisens) method (bioMérieux, Boxtel, The Netherlands). CD4 ϩ Tlymphocyte counts (cells/l) were determined using standardized flow cytometry (7) . Pap smears were read centrally by two cytotechnologists who used the 1991 Bethesda system for cytologic diagnosis, and any abnormal specimens were diagnosed by a cytopathologist (23) .
Primary outcome. The outcome of interest was a significant rise in OD units within a pair of study visits, typically 1 year apart. We determined HPV-16 antibody levels, measured in OD units, at both the index visit (t 0 ) and the follow-up visit (t 1 ) for all pairs. We standardized the change in OD units by dividing the difference in OD values between t 0 and t 1 by the amount of time between t 0 and t 1 .
To distinguish true rises in antibody levels from random variation, we examined differences in duplicate samples tested at a given visit, which can be due only to random variation in the assay. The average absolute difference in OD units between duplicate samples was 0.023, with a standard deviation of 0.045. A significant rise in antibody levels for a pair of visits was defined as a change greater than 0.113 OD units (mean ϩ 2 standard deviations). Significant declines were determined similarly, as a decrease of 0.113 OD units or more. Changes occurring between the threshold of a rise and a decline were considered nonsignificant fluctuations in antibody levels. Figure 1a antibody levels were similar across the operational range of the assay at t 0 (data not shown). In addition, we were interested in longitudinal changes in antibody in the year following the identification of a rise, among women contributing a second pair after a rise. Rises or nonsignificant fluctuations in antibody levels in the second pair were considered sustained rises. Declines in antibody levels in the second pair were considered transient rises.
Changes in HPV-16 antibody levels over time could occur because of nonspecific changes in serum immunoglobulins due to HIV disease or other causes. Therefore, we measured BK virus (BKV) antibody levels by a VLP-based ELISA, as previously described (12, 33) , among pairs with a rise in HPV-16 antibody and a random sample of an equal number of pairs without a rise. Exposure to BKV occurs in childhood, and seroprevalence reaches nearly 100% by early adulthood; antibody responses to BKV are robust and persist for life (20) . Significant rises in BKV antibody levels (cutoff of 0.202 OD units) were determined using the same method as that described for HPV-16 antibody levels. As a measure of change in serum immunoglobulins, an ELISA for a viral antibody should provide greater precision than standard nephelometric methods for measuring total immunoglobulins. In addition, BKV antibodies were measured by a method technically identical to that used to detect HPV-16 antibodies.
Exposures. The primary exposure of interest was HPV-16 infection categorized as current, past, or never. Current infection was defined as HPV-16 DNA at t 0 . Past infection was defined in one of three ways: (i) HPV-16 DNA prior to t 0 (accounted for 5% of past HPV-16 infection), (ii) HPV-16 seropositivity at or prior to t 0 (accounted for 80% of past HPV-16 infection), and (iii) HPV-16 DNA prior to t 0 and HPV-16 seropositivity at or prior to t 0 (accounted for 15% of past HPV-16 infection). Never HPV infected was defined as the absence of HPV-16 DNA and HPV-16 seropositivity at t 0 and prior to t 0 .
Another exposure of interest was sexual behavior, with the following categorizations: recent male partners in the prior 6 months (Ͼ1, 1, or 0 partners), any male sex partners in the previous year, lifetime number of male sex partners (Ͼ10, 6 to 10, or 0 to 5 partners), and a composite of lifetime and recent sexual behavior. HAART use in the WIHS was defined according to DHHS guidelines (30) and has been described in prior publications (22, 26) . Other factors considered in analyses and measured at t 0 were abnormal versus normal Pap smear results, CD4 ϩ cells/mm 3 (per 100 cells), HIV RNA copies/ml (per log 10 ), prior clinical AIDS diagnosis, age (per 10 years), race/ethnicity, injection drug use history, cigarette smoking history, and oral contraceptive use.
Statistical analyses. Using logistic regression, we first computed univariable odds ratios (OR) for the outcome of a rise in HPV-16 antibody levels stratified by HIV serostatus. Multivariable models were constructed separately for HIVpositive and HIV-negative women by including all covariates with a P of Ͻ0.10 in HIV-stratified univariable analyses. Next, covariates with a P of Ն0.10 were added to the multivariable model one at a time and included if they were significant at the 0.10 level. The final multivariable model was obtained by removing covariates from the last iteration one at a time, starting with the highest P value, until all covariates had a P of Ͻ0.10. For all logistic regression analyses, generalized estimating equations (10) were used to account for the correlation between pairs of study visits contributed by the same individual. Kaplan-Meier plots and Cox proportional-hazards models (9) were used to illustrate differences by HIV serostatus in the cumulative incidence of HPV-16 infection defined both serologically (defined as the first pair to exhibit a rise in antibody levels after one or more pairs without a rise) and by PCR (defined as the first visit to be HPV-16 DNA positive after one or more visits without HPV-16 DNA).
RESULTS
The study population consisted of 642 HIV-positive and 116 HIV-negative women contributing a median of three pairs of visits (range, one to five pairs), with HIV-positive and HIVnegative women contributing 1,997 and 361 pairs of visits, respectively. The median time between index and follow-up visits among pairs was 1.0 years (interquartile range, 0.9 to 1.1) for both HIV-positive and HIV-negative women. Compared to WIHS participants not included in analyses, study participants had similar races and ages but were more likely to be HIV positive and positive for any HPV DNA (including HPV-16 DNA) at baseline.
Among all pairs contributed by HIV-positive women, 166 (8.3%) showed antibody rises, 169 (8.5%) had declines, and 1,662 (83.2%) had no significant change (Table 1) . Among all pairs of visits contributed by HIV-negative women, 22 (6.1%) were rises, 21 (5.8%) were declines, and 318 (88.1%) exhibited no significant change. No differences in the proportion of pairs with a rise (P ϭ 0.191) or decline (P ϭ 0.120) by HIV serostatus were found. Among HIV-positive and HIV-negative women, 14 (8%) and 1 (5%) of all antibody rises, respectively, were considered seroconversions, that is, the rise in antibody level crossed the previously defined cutoff point for seropositivity (0.05 OD units) and occurred in a participant who had not been seropositive at any prior visit. Table 2 presents changes in antibody results in the year following a rise (i.e., typically over a total of three study visits or 2 years). Of 188 total rises, 128 (115 HIV positive and 13 HIV negative) had a subsequent pair of visits available for analysis. Declines following a rise were observed to occur in 47.0% and 61.4% (P ϭ 0.308) of pairs for HIV-positive and HIV-negative women, respectively, suggesting that many observed rises were transient and not sustained. We did not evaluate longitudinal changes in HPV-16 serology beyond 2 years because of the small number of women contributing data. Furthermore, sampling of antibody levels annually precluded a more precise determination of the duration of the response.
The univariable results for HIV-positive women shown in Table 3 demonstrate that current and past HPV-16 infections CI, 2.9, 9.6) than for subjects being HPV DNA negative at the index visit, but we found no statistical significance for other HPV types. We also found a greater likelihood of a rise in antibodies following an abnormal Pap smear at the index visit (OR, 1.8; 95% CI, 1.3, 2.6) and with higher HIV RNA levels (OR per log 10 level, 1.6; 95% CI, 1.3, 2.0), and we discovered a lower likelihood of an antibody rise with higher CD4 ϩ cell counts (OR per 100 cells, 0.8; 95% CI, 0.8, 0.9). There was no association between a rise in HPV-16 antibody levels and recent or past sexual history. In the multivariable models for HIV-positive women, also presented in Table 3 , there was a strong association between rises in antibody levels for current (OR, 23.4; 95% CI, 8.7, 62.8) and past (OR, 8.9; 95% CI, 3.6, 22.2) HPV-16 infection relative to never being HPV-16 infected. Higher CD4 ϩ cell count levels were associated with a lower likelihood of a rise (OR per 100 cells, 0.8; 95% CI, 0.7, 0.9). Finally, sexual behavior was not associated with HPV-16 seroconversion, although with 14 total seroconversions among HIV-positive women (data not shown), we had limited statistical power to examine this question.
The univariable and multivariable results for HIV-negative women are presented in Table 4 . We demonstrated that current and past HPV-16 infections were associated with an OR of a rise in HPV-16 IgG levels of 11.6 (95% CI, 0.7, 186.5) or 9.7 (95% CI, 1.2, 78.3), respectively, relative to having no evidence of infection. The nonsignificant finding for current HPV-16 infection was likely a result of small sample size in that group (n ϭ 10). Current smoking was associated with increased odds of a rise relative to lifetime nonsmoking (OR, 5.4; 95% CI, 1.3, 23.2). ORs for all levels of sexual activity were greater than 2.0 relative to the reference group. However, because of the relatively small number of visit pairs (n ϭ 22) with a significant antibody rise contributed by HIV-negative women, the only statistically significant (P Ͻ 0.05) result was a greater likelihood of a rise in antibody levels for a lifetime number of male sex partners of Ͼ10 than for a number of partners from 0 to 5. In multivariable models, there was a statistically significant association between past (OR, 10.9; 95% CI, 1.2, 98.3) but not current HPV-16 infection relative to never being HPV-16 infected. Current smoking relative to lifetime nonsmoking (OR, 5.0; 95% CI, 1.2, 20.8) and 6 to 10 lifetime male sex partners relative to 0 to 5 partners (OR, 9.9; 95% CI, 1.2, 85.4) were other factors significantly related to a rise in HPV-16 antibody levels. We did not examine associations with HPV-16 seroconversions since there was only one event in this group.
We further explored differences in risk of infection between HIV-positive and HIV-negative women by identifying newly detected rises in HPV-16 antibodies or newly detected HPV-16 DNA. The cumulative incidence of newly detected rises in HPV-16 antibodies was not significantly higher in HIV-positive women (22%) than in HIV-negative women (17%) (relative hazard [RH], 1.3; P ϭ 0.362) (Fig. 2a) . In contrast, the cumulative incidence of HPV-16 infection as detected by PCR was significantly higher for HIV-positive (17%) than for HIV-negative (9%) women (RH, 2.3; P ϭ 0.025) (Fig. 2b) . A higher incidence of HPV-16 infection was found when using a definition that included either a rise in HPV-16 antibodies or detection of HPV-16 DNA in cervicovaginal cells, but there was no difference by HIV serostatus (RH, 1.3; P ϭ 0.232) (Fig. 2c) .
We also performed a secondary analysis measuring changes in antibody level to BKV to confirm the specificity of rises in HPV-16 antibody levels. In univariable models (data not shown), HIV infection, low CD4 ϩ cell count levels, higher HIV RNA levels, and 0 to 5 lifetime sexual partners (but not Ͼ5 partners) were associated with a rise in BKV antibody levels. Importantly, there was a null association between a rise in BKV antibody levels and a rise in HPV-16 antibody levels, current or past HPV-16 infection, and detection of HPV-16 DNA. In multivariable models, only immunosuppression remained a predictor of BKV antibody rises (data not shown). Finally, we further examined significant declines in HPV-16 IgG levels. As described above and in Table 2 , declines were commonly observed in the year following a rise. Multivariable analysis confirmed that only a prior rise in HPV-16 IgG levels was associated with a subsequent decline in antibody levels (data not shown). These data suggest a decline is likely due to the waning of the antibody response to HPV over time.
DISCUSSION
We propose that a rise in HPV-16 antibodies is a marker of active viral replication during the sampling interval. Support for the validity of the marker rests on the well-established performance characteristics of HPV VLP ELISA (11), general immunological principles which hold that a rise in antibody level above baseline is indicative of viral infection, and the associations demonstrated herein. Serum immunoglobulin levels are tightly regulated and generally remain stable for prolonged periods of time (3, 16) . In the absence of immune system dysfunction, rises in antiviral antibodies reflect antigenic stimulation and thus comparison of the levels of virusspecific antibodies in acute-and convalescent-phase serum samples is a time-honored method of viral diagnosis (37) . In the context of prior infection, typically, repeat exposures to viral antigen will result in an anamnestic immune response reflected as a rise in antibody level, such as is observed upon vaccine boost. Following natural infection, a serologic profile of a rising antibody level has been used to diagnosis reactivation of Epstein-Barr virus (24) , varicella-zoster virus (14, 15) , and human herpesvirus 6 (27) . Here, we applied this approach to HPV-16 infections and identified increases in virus-specific antibody levels above an a priori threshold meant to distinguish between real changes and random variations in paired serum samples. See the text for procedure to determine final model. c Current infection was defined as HPV-16 DNA at t 0 . Past infection was defined in one of three ways: (i) HPV-16 DNA prior to t 0 , (ii) HPV-16 seropositivity at or prior to t 0 , or (iii) HPV-16 DNA prior to t 0 and HPV-16 seropositivity at or prior to t 0. Never HPV infected was defined as the absence of HPV-16 DNA and HPV-16 seropositivity at t 0 and prior to t 0 .
As expected for a type-specific HPV biomarker, there was a strong association of a rise in serum HPV-16 VLP antibody level with detection of HPV-16 DNA, a weak association with detection of other HPV types, and an association with Pap abnormalities at the index visit. Rises in HPV-16 IgG levels were typically not sustained, as declines in IgG levels were commonly observed to occur following a rise. The specificity of rises in HPV-16 antibody level is further supported by the null association with rises in antibody to BKV, indicating that rises in HPV antibody level were not due to nonspecific changes in immunoglobulins. The association of a rise in BKV antibody levels with a decline in CD4 ϩ cell count is consistent with the known reactivation of latent polyomaviruses in immunocompromised HIV-infected individuals. As expected, among HIVpositive women, our serological marker of HPV infection, similarly to that reported for HPV DNA, was associated with low CD4 ϩ cell count and high HIV RNA (2, 25, 28, 29) . The majority of paired samples (ϳ85%) did not have a significant rise or decline in antibody levels, indicating that in general antibody levels in both HIV-positive and HIV-negative women are stable over time, confirming a prior report (1) .
An unexpected finding in our study was that HPV-16 infections defined by a rise in antibodies are as common among HIV-negative women as among HIV-positive women. The cumulative incidence of newly detected rises was not significantly higher in HIV-positive women than in HIV-negative women. In contrast, the cumulative incidence of HPV-16 infection as detected by PCR was significantly higher in HIV-positive women than in HIV-negative women, similar to prior studies (17, 25, 29) . A possible reason for the difference in incidence of HPV-16 infections detected by serology and PCR is that infections in HIV-negative women may go undetected by PCR due to infrequent sampling, a shorter duration of viral shedding, or lower levels of viral replication. In fact, a recent study that included weekly self-collected genital tract samples found that many HPV infections were detectable only for a few weeks (6) . In contrast, increases in antibody levels capture infections occurring at any time between the index and follow-up visits.
Our data also suggest that the mechanisms for rises in HPV-16 antibody levels are different for HIV-positive and HIV-negative women, which may further explain the differences between serologic and PCR results described above. For all women, the majority of rises occurred in those who were already HPV-16 seropositive and thus were likely to have been previously infected with HPV-16. In fact, a past HPV-16 infection was one of the strongest correlates with a rise in HPV-16 antibody levels. These rises may be due to reinfection or reactivation. For HIV-positive women, sexual behavior was not associated with a rise in HPV-16 antibody levels. However, lower CD4 ϩ cell counts were associated with a rise, suggesting that infections in HIV-positive women may be more commonly due to reactivation of a latent infection in the context of HIVinduced immunosuppression. In contrast, HIV-negative women who currently are or in the past were more sexually active were There were limitations to our study. First, we had a relatively small sample of HIV-negative women (n ϭ 116). Despite the reduced statistical power, we detected important differences by HIV serostatus which warrant confirmation in future studies. Second, for a serological diagnosis of infection, the site of infection is unknown. Therefore, we cannot exclude the possibility that some serologically defined infections were the result of HPV-16 infections in the anal canal, oral cavity, or other anogenital or aerodigestive tissues. Also, our estimate of the cumulative incidence of HPV-16 infection may be somewhat inflated because women in our study population were more likely to have HPV-16 DNA at baseline than WIHS participants not included. Conversely, because not all infections induce a detectable antibody response, we may have underestimated the cumulative incidence of HPV-16 infection. Relative estimates of effect, however, should be unbiased. A further limitation is the possibility of misclassification of our outcome of a rise in antibody levels. We repeated our analysis using a more stringent cutoff, defined as the mean plus 3 standard deviations (cutoff of 0.158 OD units), and the inferences did not change despite a modest decrease in statistical significance (data not shown). Finally, distinguishing between reinfection and reactivation of infection is difficult since documenting sexual exposure to HPV from an infected male partner is problematic. Our conclusion that some infections among HIV-positive women are a result of reactivation of HPV is supported by a recent study of the natural history of HPV indicating that a substantial fraction of incident HPV DNA detection in immunocompromised HIV-positive women was not related to recent sexual activity (28) .
In summary, we describe a serological marker that likely detects HPV-16 viral replication occurring between annual measurements. Confirmation of infection, however, would require frequent HPV DNA measurements during the interval between serological assays and at multiple anatomic sites. Using a rise in antibodies as a marker of infection, our results suggest that HPV-16 infections may be more common than previously estimated by DNA detection methods, particularly in HIV-negative women. Another important observation from our study was that most HPV-16 infections occurred in women who had serological or virological evidence of prior exposure to HPV-16 and thus are due to either reinfection or reactivation of HPV-16. Since rises were not associated with sexual behavior among HIV-positive women, infections may reflect reactivation of latent infection in these women, although more carefully designed studies are needed to distinguish reinfection from reactivation.
